This phenomenological review stresses the distinction between kinematics), the description of the recently inflationary universe (cosmography), and dynamics, the mechanism driving this accelerating expansion. Because the homogeneous expansion history H(z) of the universe measures only kinematic variables, it cannot fix the underlying dynamics: cosmographic measurements of the homogeneous universe, are consistent with either a static finely-tuned cosmological constant or a dynamic "dark energy", which itself may be material Dark Energy or modified gravity (Dark Gravity). The dynamics of either kind of "dark energy" cannot be derived from the homogeneous expansion history alone, but requires also observing the growth of cosmological fluctuations. Projected observations potentially distinguish static from dynamic "dark energy", but distinguishing dynamic Dark Energy from Dark Gravity will require a weak lensing shear survey more ambitious than any now projected. Low-curvature modifications of Einstein gravity may also be detectable in refined observations in the solar system or in isolated galaxy clusters. The Appendix reviews laboratory and solar system tests of General Relativity and classifies alternative modified gravity theories.
I. INTRODUCTION: COSMOLOGICAL SYMMETRY VS. DYNAMICS
The recent, most surprising discovery in cosmology is that the expansion of our universe has lately been accelerating. The "dark energy" responsible for this recent inflation may be either static or dynamic and either an additional negative-pressure energy constituent within General Relativity (Dark Energy), or a modification of General Relativity (Dark Gravity (Gu and Hwang, 2002) ).
This phenomenological review stresses the distinction between, the description of the expanding universe (cosmography or kinematics), and the mechanisms driving this expansion dynamics. Because the expansion history H(z) of the homogeneous universe measures only kinematic variables, it cannot fix the underlying dynamics: cosmographic measurements of the late accelerating universe, are consistent with either a static cosmological constant or a dynamic "dark energy", which itself may be constituent Dark Energy or modified gravity (Dark Gravity).
Starting with the observed global homogeneity, isotropy and spatial flatness of the universe (flat Robertson-Walker cosmology, RW), we emphasize the difference between this Robertson-Walker symmetry and the dynamics which drives the cosmological acceleration. In Section II, we review the expansion history H(z) inferred from the look back distances to supernovae, luminous red galaxies, and the last scattering surface. The expansion history is consistent with the Friedmann-Lemaitre or static cosmological constant model Concordance Model ΛCDM), with a small cosmological constant Λ, but also allows a modestly dynamic "dark energy", which may be Dark Energy or Dark Gravity (Table  III) .
To interpret the cosmological constant model, we revert to Einstein's original geometric definition of Λ as a classical intrinsic spacetime curvature of the vacuum. Disconnecting this cosmological constant from energy-momentum sources, side steps the mysteries of why quantum vacuum energies apparently do not gravitate and why the present matter density ρ m0 ≈ ρ DE0 /2. Semantics aside, our ultimate purpose will be to show how any dynamical departure from the static cosmological model could ultimately reveal itself.
In any metric theory of gravitation, the spacetime curvature tensor R µν or Einstein curvature tensor G µν := R µν − g µν R/2 depends somehow on the material stress-energy sources T µν . In Section III, we will recall two limited dynamical consequences of vacuum spacetime curvature R ∞ . If R ∞ = 0, RW symmetry would have determined cosmodynamics, making ours a spatially flat matter dominated Einstein-Lemaitre universe. Consequently, the observed cosmological acceleration requires either an additional material Dark Energy within General Relativity (GR) or a small R ∞ = 0 GR modification at low spacetime curvature. Without Dark Energy, our accelerating universe is matter dominated, and General Relativity needs low curvature modification. If R ∞ = 0, the vacuum gravitational field surrounding an isolated source is modified already at the Vainstain scale r * , surprisingly smaller than the de Sitter radius H −1 ∞ . The vacuum spacetime (Ricci) curvature R ∞ , also distinguishes high-from low curvature modifications of Einstein gravity. High-curvature modifications (e.g. (Arkani-Hamad et al., 1998; Binutray et al., 2000; Randall and Sundrum, 1999) ) require sub-millimeter corrections to Newton's inverse-square gravity; low curvature modifications (e.g. ΛCDM, Dvali-Gabadadze-Porrati (DGP) (Deffayet, 2001; theories) can preserve Newtonian gravity locally, but must be asymptotically dominated by a cosmological constant (de Sitter).
The "dark energy" equation of state w DE (z) := −d ln H 2 /(1 + z) 3 /3dN and adiabatic sound speed summarize the homogeneous expansion history H(z), but cannot distinguish between Dark Energy or Dark Gravity (Section II.E.). But, besides altering the homogeneous expansion history H(z), "dark energy" also suppresses the growth of density fluctuations, which depends on a dynamic sound speed. In Section IV, we review how either kind of "dark energy" determines the different adiabatic and effective sound speeds, which together govern the growth function g(z) := δ/a of density fluctuations δ := δρ/ρ. We illustrate how the effective sound speed and the fluctuation growth function depend on both the equation of state and on the dynamics by comparing canonical (quintessence) and non-canonical (k-essence) scalar field descriptions of Chaplygin gas Dark Energy.
Section V emphasizes the contrived or "epicyclic" nature of material Dark Energy, which is constructed ad hoc to explain dynamically the small present value of the Dark Energy, but cannot explain the cosmic coincidence, why the matter and vacuum energy densities are now comparable, without invoking fine-tuning or anthropic reasoning.
Cosmological scale modifications of classical Einstein gravity are less contrived than fine tuned Dark Energy and arise naturally in braneworld cosmology. By making intrinsic curvature the source of cosmological acceleration, they avoid an additional epicyclic matter constituent, may unify early and late inflation, and may be refuted by laboratory, solar system, or galaxy cluster. This leads us to consider, in Section V, the Dark Gravity dynamical alternatives to Dark Energy. Large angular scale CMB temperature anisotropies, the late-time growth of large scale structure, and refined weak lensing convergence observations potentially distinguish static from dynamic "dark energy" and Dark Energy from Dark Gravity. Indeed, low curvature modifications of Einstein gravity, may yet be tested in the solar system (anomalous orbital precession, increasing Astronomical unit) or in isolated rich clusters of galaxies (Iorio, 2005a,b; Lue and Starkman, 2003) . Because any "dark energy" is now static or nearly static (w DE0 ≈ −1), observing any dynamical effects of relativistic cosmology will be difficult: The next decade may distinguish static from dynamic "dark energy", but will still not distinguish material Dark Energy from Dark Gravity (Ishak et al., 2005) . 
comoving time since big bang η(z) :
proper motion distance back to redshift z
Cosmology is an historical or evolutionary science, whose observations are limited to our past light cone and by the size of the universe, and whose theoretical concepts are constrained by cosmic variance (Ellis, 2006) . While avoiding teleological explanations, every theory must contain some minimal number of untestable ingredients, if we are to find the theory attractive and credible. In comparison with other simply descriptive branches of physics, interpreting evolutionary observations relies on more such untestable cosmological principles, such as the existence of causally disconnected subuniverses or landscapes. We must keep in mind how much our theoretical expectations depend on such untestable cosmological principles Like Darwinian evolution, cosmology may require reference to final causes, which are generally suspect in science. If all aspects of reality (including consciousness, feeling and thinking), cannot ultimately be reduced to known physical principles, then a new cosmological principle, like the Anthropic Principle, will be needed. This choice between strict reductionism and a new Anthropic Principle is a subjective choice between still hopeful theorists and pessimists, which cannot be decided observationally, at present (Weinberg, 2006) . Present laboratory and solar system tests of General Relativity are summarized in the Appendix, along with alternative modifications of General Relativity.
II. EXPANSION HISTORY H(z) IN ROBERTSON-WALKER COSMOLOGIES
A. Kinematics: Homogeneity and Isotropy Allows Different Dynamics Our universe is apparently spatially homogeneous and isotropic (Robertson-Walker, RW), in the large. Such global cosmologies are described by the RW metric
in which the cosmological scale a(t) = 1/(1+z) evolves with cosmological (comoving) time t, according to gravitational field equations, which my be Einstein's or modifications thereof. RW symmetry implies conformal flatness, so that, in every comoving frame, light propagates as in Minkowski space. This directly implies a Hubble expansion H(z) in cosmological scale a(t) and the kinematic (geometric) observables in Table I . In this table, the conformal (comoving) Hubble expansion rate H :=ȧ, the Hubble radius So long as cosmic expansion continues, the Hubble radius is always growing:
If the Hubble expansion rate reaches a minimum, the deceleration q = (1 + 3w)/2 passes through zero, w falls below −1/3, and the comoving Hubble expansion rate starts increasing with comoving time, dH/dη > 0. This change from deceleration to acceleration (inflation) happened in the early universe and again recently at z ∼ 0.5 (Fig. 1) . Early inflation proceeded so long as the "slow-roll parameter" ǫ H ≪ 1. The present inflation has only recently started, so that ǫ H 1 does not yet deserve the appellation "slow-roll parameter".
In all RW cosmologies, the spacetime curvature R = 3(k/a 2 + H 2 ) depends on the spatial curvature k and the expansion rate H(ρ), which itself depends on the gravitational field equations assumed:
• Friedmann-Lemaitre cosmology (ΛCDM, Concordance Model) : In General Relativity, the scale factor obeys the Raychaudhari equation, which has, as first integral, the Friedmann equation
where G N is Newton's constant, and M P is the reduced Planck mass. The cosmological constant Λ fixes the vacuum (asymptotic a → ∞) spacetime curvature R ∞ = Λ = 3H 2 ∞ and the de Sitter radius H −1 ∞ = 3/Λ. In General Relativity, H(t) is the only degree of freedom and only the tensor components of the metric g µν are propagating.
• Other RW cosmologies: These are conformally flat generalizations of General Relativity, in whichḢ andḦ, or the cosmological acceleration q(t) and jerk j(t) become additional degrees of freedom, describable by scalar fields.
The important distinction between spacetime and spatial curvature is illustrated in two empty stationary GR cosmologies: The Milne model H(a) 2 = 1/a 2 has negative spatial curvature but vanishing spacetime curvature, and is expanding at a constant comoving rateH =ȧ. Instead of a Big Bang, this cosmology describes a spherical explosion of empty space about a preferred point. The de Sitter model H 2 = H 2 ∞ = const is spatially flat, but has a constant spacetime curvature R = Λ. If the Weak Energy Condition ρ + P ≥ 0, w ≥ −1 is assumed, phantom energy is excluded and the de Sitter universe is an attractor for expanding RW universes.
The RW symmetry is, of course, broken at small cosmological scales where inhomogeneities appear. These inhomogeneities or fluctuations break translational invariance, leading to Goldstone mode sound waves and the growth of large scale structure (Section IV). This symmetry-breaking at low temperatures and small cosmological scales is reminiscent of symmetry-breaking at low energies in condensed matter or particle physics.
B. Fluid Interpretation of Homogeneous Evolution
Although flat Robertson-Walker cosmology does not assume General Relativity, its expansion history may be expressed in terms of equivalent two-component perfect fluid density:
rate of change of Hubble radius:
, where
is the past-averaged value of γ DE (z). So defined, ρ DE (z) and w DE (z) simply summarize the dynamical behavior of homogeneous "dark energy", so that
Because Ω m0 ∼ 1/3, the present acceleration requires w DE0 < −1/2, so that the "dark energy" is diluting faster than the non-relativistic matter density. "Dark energy" is a hitherto undiscovered Dark Energy constituent or a Dark Gravity addition to the EinsteinFriedmann equation that is non-linear in ρ. If material Dark Energy exists, w DE derives from its dynamics, as will be illustrated by different canonical and non-canonical Chaplygin gas Dark Energy models, in Section IV below. w DE determines the scalar field potential once the kinetic energy is chosen to be canonical (quintessence) when its kinetic TABLE II Five barotropic phases of our universe with power-law growth a ∼ t 2/3(1+w) or a ∼ exp(Ht).
energy is chosen to be X/2 := ∂ µ φ∂ µ φ/2 (canonical, quintessence) or something else non-linear in X (non-canonical, tachyonic). In any case,φ allows the substitution of the field for the time, so that w DE depends on the scalar potential V (φ). Inverting this relation, once the kinetic energy is chosen, every expansion history can be modeled by an equivalent scalar potential. If the Dark Energy is quintessence, with kinetic and potential energy densitieṡ
. If no such Dark Energy exists, then w(z) := w DE (1 − Ω m ) defines the Dark Gravity modification to the Friedmann equation, so that equation (3) is a tautology. Dark Energy and Dark Gravity are equivalent descriptions of homogeneous evolution. For example, DGP modified gravity has a Dark Energy mimic giving the same H(z) and co- Fig. 3 (Linder, 2003) . This Dark Energy/Dark Matter degeneracy in homogeneous evolution and the existence of either Dark Energy or Dark Gravity will only be resolved by studying the growth of inhomogeneities.
C. Homogeneous Dynamics: Characterized by "Dark Energy" and Its "Equation of State" wDE(z)
Apparently after a high-curvature de Sitter (early inflationary) phase, our universe has expanded monotonically through radiation-dominated and matter dominated phases, towards a different (late inflationary) low curvature de Sitter universe, provided no phantom matter or cosmic rip intervenes. During the five epochs in Table II , the universe is dominated by a single barotropic phase with a constant "equation of state" w, acceleration q and jerk j, and diminishing spacetime curvature R(t). When these perfect fluids are mixed or when cosmological scalar fields appear, the "equation of state" w(z), deceleration q(z) and jerk j(z) = 1 + 9w(1 + w)/2 − 3dw/2dN change, the composite fluid is imperfect and will support entropic perturbations.
The bottom of Figure 1 (Riess et al., 2007) shows the conformal Hubble expansion rate H = 0.65 · (1 + z) q for three such hypothetical phases with constant deceleration q(z) = 0.5 (upper dashed curve), constant acceleration q(z) = −0.5 (lower dashed curve)and coasting q(z) = 0 (central dotted line). The supernova data is fitted by none of these, but by the central dashed curve q(z) = −0.6 + 1.2z, showing deceleration changing over to acceleration when the comoving Hubble expansion rate reached a broad minimum, H(z) ∼ 0.6 around z = 0.46. We live at a time when the composite "equation of state" w 0 = w DE (1 − Ω m ) ≈ −0.74 and the "dark energy equation of state" w DE0 = −0.926 et al., 2006) . The cosmic acceleration has only increased to −q 0 ≈ 0.52, so that ǫ H = 0.48 is still far from truly slow-rolling. The jerk j(t) changed sign at the start of acceleration, passed through a minimum j min = −1/8 when w = −1/2, and is now increasing towards j = 1, as the universe asymptotes towards a de Sitter phase q = −1, with small spacetime curvature R ∞ = 3H Miknaitis et al., 2007; Perlmutter et al., 1999; Riess et al., 2007) .
BAO:
The proper motion or area distance d L (z) is the comoving distance back to the luminous red galaxies (LRG), typically at redshift z 1 = 0.35. This is obtained from the combination from the distance ratio between the baryon acoustic oscillation (BAO) peak in the CMB at decoupling and the LRG source size.
CMB: The angular diameter distance
is the of the first acoustic CMB peak at redshift z ls = 1089, inferred from the comoving size r s subtending an angular scale θ A . This leads to a reduced distance (CMB shift parameter) et al., 2006) ).
These cosmological distances or the proper motion distance c(
(1 + z) must be differentiated with respect to redshift, so as to obtain the expansion history H(z). Differentiating the Gold Sample (Riess et al., 2004) supernova luminosity distances d L (z), (Riess et al., 2007) obtained Figure 1 , plots of H(z) and H(z) up to redshift z < 1.5. A second differentiation of the observed distances is necessary to obtain the overall "equation of state" w(z) := γ(z)−1 := d ln H 2 /(1 + z) 3 /3d ln (1 + z), which decreases from 0 in the matter dominated epoch, to ≈ −3/4 at present, apparently tending towards −1 in the future. Determining the "dark energy equation of state"
3 /3dN thus requires two numerical differentiations of the primary distance data. The quality data from (Astier et al., 2006; Miknaitis et al., 2007; Riess et al., 2007) is now dominated by systematic errors due to local velocity structures and dust.
E. Homogeneous Expansion H(z) Measures wDE(z) But Cannot Determine Cosmodynamics
Classical Cosmological Constant Model: Einstein introduced his cosmological constant Λg µν on the left (geometric) side of his original field equations, changing them to the Einstein-Lemaitre form
This introduces a vacuum spacetime curvature (Ricci) tensor R µν = −Λg µν and Ricci scalar R ∞ = 4Λ and replaces the original Einstein lagrangian R by the Einstein-Lemaitre lagrangian R − 2Λ. (Equivalently, the original Einstein lagrangian R can be varied holding √ g = −1. In this unimodular gravity approach (Buchmuller and Dragon, 1988; Unruh, 1989 ), Λ appears as an undetermined c-number Lagrange multiplier, instead of appearing in the EinsteinLemaitre action.) The expansion history cannot distinguish between a left-side static Dark Gravity and a right-side vacuum Dark Energy. Even when the "dark energy" is dynamic, this Dark Energy/Dark Gravity degeneracy will persist in the homogeneous dynamics: Any homogeneous expansion history can be described by Dark Energy or by an equivalent Dark Gravity.
This classical approach, tunes the left-side geometry to Λ ∼ 2H 2 0 /3, and avoids identification with any right-side stress-energy content. In this way, this classical approach avoids the cosmological constant problem, why quantum vacuum energies apparently do not gravitate. Clearly, cosmology is showing us the infra-red consequences of some quantum gravity principle, which remains to be discovered.
Allowing for the presence of non-relativistic matter and possible space curvature, the Friedman equation
now depends on two parameters Ω m0 , Ω Λ0 , the present matter and vacuum fractions. The flat cosmological constant model, the simplest one parameter fit to the combined SN+BAO+CMB data appears on the top row of Table III and serves as a standard for comparison with more complex models, with more parameters.
More Complex Cosmological Models:
The classical cosmological constant model, w DE = −1, is static but can be made dynamic by relaxing this condition, by parameterizing the "equation of state" by either . These parameterizations assume no or little growth of w DE at large red shift, so that w a cannot be large. Their fit to the data will improve on the simple cosmological constant model only marginally, not justifying their additional complexity. Because the observed cosmological distances involve two integrations over w(z), they all smear out information on the "equation of state" (Moar et al., 2001 ) and justify no more than two model parameters for present and next-decade observations (Caldwell and Linder, 2005; Linder and Huterer, 2005) . The parameterizations used require smoothing and binning of the data (Wang and Tegmark, 2004) and implicitly assume that w DE (z) changes smoothly, monotonically and mostly at low redshifts. In retrospect, because observations constrain the directly observable H(z) and the "dark energy" density ρ DE better than its derivative, the "equation of state", it might have been better to parameterize the past average w DE (z), rather than w DE (z) (Wang and Freese, 2004) . Table III , derived from (Davis et al., 2007) , tabulates twelve "dark energy" fits to the SN +CMB+BAO homogeneous evolution data, along with (Schwarz) Bayes Information Criterion (BAC) measuring the strength of each model in giving the best fit with the fewest parameters. By this simplicity criterion (Occam's razor), the twelve models fall into four categories of increasing complexity or BIC:
1. The best fit is obtained with the one parameter Flat Cosmological Constant Model.
2. Introducing a second parameter slightly reduces the minimum χ 2 /dof or goodness of fit GoF in three models, but is not justified by Occam's razor. These three models are the spatially slightly curved cosmological constant model, the spatially flat constant w DE = −1 model, the flat generalized Chaplygin gas models,
3. Although their χ 2 /dof or GoF are further reduced, allowing z-dependence or spatial curvature in two other w DE models, or spatial curvature in the generalized Chaplygin gas model
or the modified Cardassian polytropic model (Gondola and Freese, 2003) ,
is not yet justified. Only after more high redshift supernova are observed (Riess et al., 2007) will testing the variable w DE (z) become significant. 4. The flat or spatially curved standard α = 1 Chaplygin gas and DGP models,
all give significantly poorer fits and are seriously rejected on simplicity grounds (Zhu, 2004) . This is regrettable, since both these models arise in some brane theories, and might have revealed the presence of extra dimensions.
All these models are nearly static and essentially agree at low redshift, because they fits are most constrained by the supernova data. For example, Figure 3 Because the uncertainties still allow w = −1 and even some w(z) evolution, we devote the remainder of this paper, to reviewing how the fluctuation growth factor potentially discriminates among these nearly static alternatives. Figure  2 , from (Tegmark, 2002) , shows the ranges of redshift and comoving length sizes over which spacetime fluctuations may be observed cosmologically.
III. VACUUM SPACETIME CURVATURE HAS SOME DYNAMICAL CONSEQUENCES
The different dynamics allowed by Robertson-Walker symmetry is partially constrained by the vacuum spacetime curvature. This constraint requires that, in a matter dominated RW universe, the Friedmann equation equation must be modified in the infra-red. Besides its cosmological implications near the de Sitter radius H −1 ∞ , for an isolated source, this implies modification of the Schwarzschild metric at surprisingly intermediate distances r * ≪ H −1 ∞ . The vacuum spacetime curvature also provides an important physical distinction between high and low curvature modifications of General Relativity.
A. Vacuum in Spherically Symmetric Systems
Birkhoff 's Theorem Generalizes Newton's Iron Sphere Theorem: If the vacuum were were asymptotically spacetime flat (R ∞ := R(a → ∞) = 0, this symmetry would determine the dynamics, without assuming General Relativity. This happens because of Birkhoff's Theorem: in any locally isotropic (spherically symmetric) system which is asymptotically spacetime flat (R ∞ =0), the vacuum metric must be Schwarzschild: where M (r) is the mass interior to radius r. For any small spherical shell in empty space, the Newtonian potential must vanish inside, and decrease as 1/r outside. This geometric theorem, generalizes Newton's iron sphere theorem (C. Callan and Peebles, 1965; Peebles, 1980) , from Newtonian gravity to Einstein gravity or any high curvature modification thereof. Birkhoff 's Theorem Applied to Cosmology: In a homogeneous universe, what is true locally is true everywhere. Applied to a homogeneous universe with matter density ρ(a) and included mass within radius r, M (r) = 4πρ(a)r 3 /3, Birkhoff's Theorem has remarkable dynamical consequences (C. Callan and Peebles, 1965; Weinberg, 1972) . In a homogeneous expanding universe, a small comoving shell lying at r(t) = λ * a(t), encloses a mass M (r) = λ 3 * 4πρ(a)a 3 /3, and has constant Newtonian energyṙ
From this equation, without assuming Einstein's field equations, Milne and McCrae (McCrea and Milne, 1934; derivedȧ 2 − κ 2 ρa 2 /3 = const, or the global Friedmann equation k/a 2 + H 2 = κ 2 ρ/3 for any pressure-free universe. In a pressure-free universe of non-relativistic dust, Newtonian cosmology would thus imply GR cosmology! (Of course, in Newtonian cosmology, space would always be flat, so that the spatial curvature k and scale factor a lack the geometrical interpretation GR conveys.)
In the absence of Dark Energy, our accelerating universe is now dominated by pressure-free matter. Hence, the Friedmann equation must be modified at low spacetime curvature, making it asymptotically de Sitter.
Spherically Symmetric Field About An Isolated Source: A vacuum spacetime curvature even modifies the gravitational field surrounding an isolated source of Schwarzschild radius r S := 2G N M/c 2 . In a Friedmann-Lemaitre universe, a cosmological constant Λ modifies the Schwarzschild metric into
In the DGP modification of General Relativity, the metric is
The vacuum spacetime curvature makes the vacuum about an isolated source depart from the Schwarzschild form at the Vainstain scale,
for ΛCDM and for DGP respectively. This Vainstain scale, a geometric mean between (r S and r 2 c , much smaller than the de Sitter radius H −1 ∞ ≈ 4.14 M pc, is also where fluctuations start growing according to Friedmann-Lemaitre or linearized DGP (Lue et al., 2004) , rather than according to Einstein gravity. These Vainstein scale modifications may be tested in next-generation solar system measurements of anomalous precessions of planetary or lunar orbits Lue and Starkman, 2003) or of a secular increase in the Astronomical Unit (Iorio, 2005b) . They may also be potentially observable in precision tests about other isolated Sun-like stars (r S ∼ 3 km, r ⋆ ∼ 280 pc) or about isolated spherical galaxy clusters r S ∼ 100 pc, r ⋆ ∼ 28 M pc) (Iorio, 2005a) .
B. Vacuum Curvature Classification of Robertson-Walker Cosmologies
We have just seen that Robertson-Walker universes which maintain Einstein gravity locally must be asymptotically Ricci-curved, modifying General Relativity in the infra-red (cosmologically) (e.g. ΛCDM, self-accelerated DGP). In this way, the asymptotic spacetime curvature distinguishes low from high curvature modifications of General Relativity. If asymptotically Ricci-flat (e.g. Arkani-Hamed et al (Arkani-Hamad et al., 1998) , Randall-Sundrum (Randall and Sundrum, 1999) , Binutray (Binutray et al., 2000) ), Einstein gravity can only be modified in the ultraviolet or at short distances.
IV. DARK ENERGY AND THE GROWTH OF FLUCTUATIONS
A. Canonical and Non-canonical Scalar Fields (Quintessence and K-essence) Dark Energy and its alternatives are reviewed in (Padmanabhan, 2003) and ten model fits to the expansion history, with and without spatial curvature and cosmological constant, are tablulated by (Szydlowski et al., 2006) . If it exists, Dark Energy is usually attributed to an additional ultra-light scalar field φ, with Lagrangian L φ , pressure P = L φ , energy density ρ = 2XL ,X −L, equation of state w = P/(2XP ,X −P ), and adiabatic sound speed c 2 a := ∂P/∂ρ =Ṗ /ρ. Here X := ∂ µ φ∂ µ φ, so that the scalar field is canonical (quintessence) when its kinetic energy is X/2, non-canonical (k-essence) when the kinetic energy is non-linear in X. For canonical scalar fields, P is linear in X,
w DE = P/ρ DE =φ 2 /(ρ − ρ m ) and V (φ) can be recovered from the observed ρ = 3M 2 P H 2 . For non-canonical kessence, P ,X can vary rapidly and c 2 s = w − ρw ,X /ρ ,X nearly vanish near the radiation/matter cross-over, where w(z) is changing. Canonical quintessence is driven by a slow rolling potential and can track the background matter, making dw/dz > 0. k-essence is driven by a non-canonical kinetic energy. For a range of initial conditions, the k-essence energy density first tracks the radiation, drops sharply when matter begins dominating, and now dominates and moves towards a late inflationary phase. Quintessence and k-essence can both be tuned to the observed homogeneous evolution, but their different dynamics will lead to different growth of fluctuations.
B. Dark Energy Requires Fine Tuning
Dark Energy does not solve the cosmological constant, but was invented to allow a scalar potential evolving down to the present ρ DE0 ∼ 2H 2 0 M 2 P ≪ M 4 P . Because these scalar fields are non-renormalizable and not fundamentally natural, they need to be interpreted as ad hoc low energy effective field theories. (Apparently, k-essence may not arise as a low energy effective field theory of a causal quantum field theory (Bonvin et al., 2006) .) Both quintessence and k-essence ultimately require fine tuning: quintessence, in order to explain the cosmic coincidence; k-essence, in order to initiate the transition towards a cosmological constant in the matter dominated epoch.
C. Entropic Fluctuations Will Distinguish Dynamics
In a mixture of cosmological fluids or dynamic scalar fields, the equation of state is generally not adiabatic: fluctuations propagate in the conformal Newtonian gauge with an effective sound speed c 2 s := P ,X /ρ ,X = (1 + 2(P ,XX /P ,X )X) −1 , which generally differs from c 2 a . These entropic pressure fluctuations are proportional to (1+w)(c 2 s −c 2 a ), and therefore are small and insensitive to the effective sound speed, in the quasi-static limit w(z) ∼ −1. This minimizes the differences between static and dynamic "dark energy" and between dynamical Dark Energy and Dark Gravity fluctuation growth factors. hard to distinguish, in present and in next-generation experiments (Section V).
The degeneracy by which different dynamics can underly the same equation of state is illustrated by the Chaplygin gas (Bento et al., 2005) , whose adiabatic equation of state P (ρ) = −A/ρ and sound speed c 2 a = −w(z) can be derived from either a non-canonical tachyonic Born-Infeld scalar field, or from a canonical scalar field with potential et al., 2005) . If derived from the constant potential Born-Infeld Lagrangian (Amendola et al., 2003) . This failure can be remedied by allowing non-constant V (φ) (Abramo et al., 2004) or by generalizing the equation of state to P = −A/ρ α , with α ∼ 0, so that this generalized Chaplygin gas is practically indistinguishable from the classical cosmological constant (Amendola et al., 2003; Bento et al., 2005; Zhu, 2004) .
Expanded studies of weak lensing convergence promises to be the best place to observe the growth of fluctuations (Ishak et al., 2005) .
V. DYNAMICAL MODIFICATI0NS OF GENERAL RELATIVITY
Because Dark Energy is contrived, requires fine tuning and apparently cannot be tested in the laboratory or solar system, we now turn to Dark Gravity as the alternative dynamical source of cosmological acceleration. These Dark Gravity alternatives, classified in the appendix, arise naturally in braneworld theories, naturally incorporate a low spacetime intrinsic curvature, and may unify "dark energy" and dark matter, and early and late inflation. While fitted to the observed cosmological acceleration, they may also ultimately be tested in the solar system, Galaxy or galaxy clusters (Iorio, 2005a,b; Lue and Starkman, 2003) .
For the self-accelerating solution of the original DGP model (Deffayet, 2001; Deffayet et al., 2002; , on the four-dimensional brane the Friedmann equation is modified,
by the addition of terms in β := H 0 r c ≈ 1.39, Maartens and Majerotto, 2006) . A small spatial curvature Ω K0 = 0.0297 leads to a better fit than the spatially flat DGP model (Dvali and Turner, 2003) to which depends on only one parameter β or Ω m0 . These modified Friedmann equations interpolate between a matter dominated universe at large redshifts, and the cosmological constant models at low redshift. The terms in 1/β express the weakening of gravity at r > r c on the brane, due to leakage into the bulk. Unfortunately, both DGP models cannot simultaneously fit the SN+BAO and CMB data. We have used them only to illustrate how dynamics is poorly tested in the homogeneous expansion history (Figure 3 ), but better tested in the growth of fluctuations (Figure 4) .
The original flat DGP model can be generalized (Dvali and Turner, 2003) to
While this generalization lacks theoretical motivation, for small α it is practically indistinguishable from the flat cosmological constant model and can then fit the data.
VI. COSMOLOGICAL CONSTANT, FINE TUNED DARK ENERGY, OR MODIFIED GRAVITY?
A. Metaphysical Considerations
We have reviewed present and prospective observations of "dark energy", the source of the observed late cosmological acceleration, so as to emphasize the differences between kinematical and dynamical observations, between static and dynamic "dark energy", and between Dark Energy and Dark Gravity. Cosmology is an evolutionary science, whose observations are limited to our past light cone and by the size of the universe, and whose theoretical concepts are constrained by cosmic variance (Ellis, 2006) . While avoiding teleological explanations, every theory must contain some minimal number of untestable ingredients, if we are to find the theory attractive and credible. In comparison with other simply descriptive branches of physics, interpreting evolutionary observations relies on more such untestable cosmological principles, such as the existence of causally disconnected subuniverses or landscapes. We must keep in mind how much our theoretical expectations depend on such untestable cosmological principles.
The interpretation of cosmological observations depends on metaphysical principles, more than interpretations do in more descriptive sciences. Like Darwinian evolution, cosmology may require reference to final causes, which is generally rejected in purely descriptive science. If all aspects of reality (including consciousness, feeling and thinking), cannot ultimately be reduced to known physical principles, then a new cosmological principle, such as the Anthropic Principle, will ultimately need to be admitted. The choice between strict reductionism and a new Anthropic Principle is a subjective choice between still hopeful string theorists and more skeptical theorists, which cannot yet be decided observationally.
B. Phenomenological Conclusions
Therefore, it behooves us to be modest about what can ultimately be tested in cosmology and what we should expect to be able to predict, even in principle . Nevertheless, we can conclude phenomenologically:
• Cosmological acceleration is explicable by either a small fine tuned cosmological constant or by "dark energy", which is now at most moderately dynamic. If dynamic, this "dark energy"is either an additional, ultra light material within General Relativity, or a low curvature modification of Einstein's field equations.
• The best and simplest fit to the expansion history, the classical cosmological constant, interprets the cosmological constant as a classical intrinsic property of spacetime, necessary so that spacetime be non-empty. This approach renounces any attempt to explain its small value as a material vacuum energy, but avoids addressing the cosmological constant problem, why quantum vacuum energies apparently do not gravitate.
• The homogeneous expansion history may also be fitted by moderately dynamical "dark energy". Only observing the large-scale inhomogeneity growth rate will distinguish between dynamic and static "dark energy".
• Projected cosmological observations of the growth factor in the large-scale angular power spectrum, mass power spectrum, or gravitational weak lensing (Hockstra et al., 2006) convergence should distinguish static from dynamic "dark energy", but not Dark Energy from Dark Gravity.
While they were originally invoked to explain late cosmological acceleration within General Relativity, quintessence and k-essence Dark Energy ultimately fail to explain the Cosmological Coincidence "Why Dark Energy appears now?", without fine tuning or anthropic reasoning. On the other hand, low curvature modifications of Einstein gravity, are conceptually less contrived than finely-tuned Dark Energy, explain cosmological acceleration as a natural consequence of geometry, and may unify early and late inflation. Geometric modifications, such as DGP, arise naturally in braneworld theories. Invoked in the first place to explain late cosmological acceleration, these low curvature modifications of Einstein gravity may even be testable by refined solar system or galaxy observations. Acknowledgments I thank Richard Woodard (University of Florida), for helpful discussions of Ostrogradski's Theorem and f (R) theories, and Dallas Kennedy (MathWorks) and Roy Maartens (Portsmouth), for critical comments.
APPENDIX A
General Relativity is a rigid metric structure incorporating general covariance (co-ordinate reparametrization invariance), the Equivalence Principle, and the local validity of Newtonian gravity with constant G N , in the weak field and non-relativistic limits. General covariance implies four local matter conservations laws (Bianchi identities). The Einstein-Hilbert action is linear in Ricci curvature, so that the Einstein field equations are second order, the two tensorial (graviton) degrees of freedom are dynamic, but the scalar and vector g µν degrees of freedom are constrained to be non-propagating.
General Relativity differs from Newtonian cosmology only by pressure or relativistic velocity effects, which are tested in the solar system, in gravitational lensing of light, in the primordial abundance of light elements, in the dynamical age, and in the large angular scale CMB and late-time mass power spectrum. Therefore, in order of linear scale, modifications of General Relativity must be sought in: laboratory violations of the Equivalence Principle (Eötvos experiments) and solar system tests (Damour, 2004 ) (lunar ranging, deflection of light, anomalous orbital precessions of the planets, Moon (Gabadadze and Iglesias, 2005; Lue and Starkman, 2003) , secular increase in the Astronomical Unit (Iorio, 2005a) ); galaxy and galaxy cluster number counts (Iorio, 2005b) ; gravitational weak lensing; cosmological variation of Newton's G N and other "constants"; the suppression of fluctuation growth on large scales or at late times.
In General Relativity only the tensor degrees of freedom in the metric are propagating. If the Einstein-Hilbert action is modified, additional scalar and vector degrees of freedom will appear, which can be represented by scalar or vector gravitational fields. The basic distinction between high and low curvature modifications of General Relativity depends on the spacetime curvature of their vacua. High curvature (ultra-violet) modifications have always been motivated by quantum gravity. Low curvature (infra-red) modifications are only now motivated by the surprising discovery of the accelerating universe. Because our focus is on phenomenological cosmology, we will ignore the theoretical quantization problems these fundamental theories still present.
Ultra-violet and Infra-red Modifications of General Relativity
For historical and didactic reasons, we begin by considering four-dimensional metrical deformations of General Relativity, which often appear as projections of higher-dimensional theories, inspired by string theory (Damour and Polyakov, 1994a,b) .
• Scalar-tensor gravity, the simplest and best-motivated extension of General Relativity (Capozziello et al., 2005; Fujii and Maeda, 2003) : In the original Jordon frame, a scalar gravitational field proportional to time-varying 1/G N , is linearly coupled to the Ricci scalar R. After a conformal transformation to the Einstein frame, the scalar gravitational field is minimally coupled to gravity, non-minimally coupled to matter. Thus, "dark gravity" may be described interchangeably as Dark Energy or as Dark Gravity. In the Einstein frame, the gravitational field equations look like Einstein's, but the matter field is coupled to the scalar gravitational field as strongly as to the tensor gravitational field, so that test particles do not move along geodesics of the Einstein metric. Test particles move along geodesics of the original Jordon metric, so that the Weak Equivalence Principle holds. The Einstein frame and Jordon frame give interchangeable descriptions of the same theory.
Scalar-tensor theories modify Einstein gravity at all scales and must be fine tuned, in order to satisfy observational constraints. Nucleosynthesis and solar system constraints severely restrict any scalar field component, rendering any Dark Gravity effects on the CMB or H(z) evolution imperceptible (Bertotti et al., 2003; Capozziello et al., 2006a; Catena et al., 2004) .
• Higher-order metric f (R) theories: Stability of the equations of motion allows the Lagrangian to depend only on R, and only trivially on other curvature invariants, P := R µν R µν , Q := R αβγδ R αβγδ (Ostrogradski, 1850) or derivatives of any curvature scalar (Woodard, 2006) . These f (R) theories are equivalent to scalar tensor theories with vanishing Brans-Dicke parameter ω BD = 0 (Capozziello et al., 2006b; Olmo, 2005; Teyssandier and Tourrenc, 1983 ).
The simplest low curvature modification (Carroll et al., , 2005 Nojiri and Odintsov, 2006) , replacing the Einstein Lagrangian density by R−µ 4 /R, leads to accelerated expansion at low curvature R ≤ µ 2 ∼ H 2 0 , but has negative kinetic energies and is tachyonically unstable. This instability would be tolerable in empty space, but would be vastly and unacceptably amplified inside matter (Dolgov and Kawasaki, 2003) , and phenomenologically unacceptable outside matter (Soussa and Woodard, 2004) . These f (R) theories, like their scalar-tensor gravity equivalents, can be fine tuned to avoid these potential instabilities and satisfy supernova and solar system constraints Odintsov, 2003, 2004; Soussa and Woodard, 2004; Woodard, 2006) , but not cosmological constraints (Amendola et al., 2006) .
• TeVeS (relativistic MOND theory): Adding an additional vector gravitational field, could explain galactic rotation curves and the Tully-Fisher relation, without invoking dark matter, and possibly unify dark matter and "dark energy" (Bekenstein, 2004) . Because gravitons and matter have different metric couplings, TeVeS predicts that gravitons should travel on geodesics different from photon and neutrino geodesics, with hugely different arrival times from supernova pulses. It also predicts insufficient power in the third CMB acoustic peak (Skordis et al., 2006) . In any case, now that WMAP data requires dark matter (Spergel et al., 2006) , the motivation for TeVeS disappears.
Extra Dimensional (Braneworld) Modifications of GR
In extra dimensional braneworld theories, scalar fields appear naturally as dilatons and modify Einstein gravity at high curvature, by brane warping (Binutray et al., 2000; Randall and Sundrum, 1999) , or at low-curvature, by brane leakage of gravity . If quantized, these theories encounter serious theoretical problems (ghosts, instabilities, strong coupling problems) and are not now derivable from fundamental quantum field theories. Until these problems can be overcome, these theories must be regarded as phenomenological theories, incorporating an extremely low infra-red scale at low spacetime curvature, unlike other effective field theories which incorporate ultra-violet parameters.
In the original DGP model (Deffayet, 2001; Deffayet et al., 2002; , the brane's finite stiffness leads to an effective modified Friedmann equation, ∞ . The terms in 1/β express the weakening of gravity at scales r > r c ∼ 5.7 M pc due to leakage from the brane into the five-dimensional bulk.This modified Friedmann equation interpolates between Einstein's pressure-free universe at large redshifts, and the empty de Sitter universe with constant Hubble expansion H ∞ ≡ 1/r c = H 0 /β, in the asymptotic future. The universe began its late acceleration at z acc = (2Ω m0 /β 2 ) 1/3 − 1 ∼ 0.58. This is the original DGP model fit on the fourth line of Table III , which turns out to be practically spatially flat (Ω K0 = 0.0297).
Because this self-accelerating solution has a four-dimensional Ricci-curved vacuum, Birkhoff's Theorem does not apply, and Einstein gravity still holds at the shortest distances. However, about any isolated condensation of Schwarzschild radius r S := 2G N M/c 2 , the self-accelerating metric g tt = 1 − r S /2r + r 2 S r/2r 3 ⋆ , g −1 rr = 1 + r S /2r − r 2 S r/8r 3 ⋆ , r r ⋆ ,
and Einstein gravity already breaks down at the Vainstein scale 
This scale, surprisingly intermediate between r S and H −1 0 , is also where the growth of fluctuations changes from Einstein gravity to linearized DGP or scalar-tensor Brans-Dicke growth, with an effective Newton's constant slowly decreasing by no more than a factor two (Lue et al., 2004) .
This original flat DGP model can be generalized (Dvali and Turner, 2003) to
which is equivalent to a "dark energy" ρ DE := 3M , w DE = −1 + α/2. This generalization reduces to the original flat DGP form for α = 1, β = 1.34, but otherwise interpolates between the classical cosmological constant for α = 0, β = 1.18 and the Einstein-de Sitter model for α = 2, β = ∞. For small α, it describes a slowly varying cosmological constant.
